Background Delayed cerebral ischemia (DCI) follows a refractory course in a subgroup of patients with aneurysmal subarachnoid hemorrhage (SAH), leading to diffuse ischemic injury. The role of angiographic vasospasm (AV) is unknown. Our goal is to study the angiographic alterations and the clinical profile of refractory DCI patients. Methods Retrospective study of patients with SAH who presented with DCI treated with medical and endovascular therapy, with a refractory evolution, defined as multiple ischemic infarction and brain death. Results Out of a cohort of 336 patients, 7 (2%) developed refractory DCI. The median age of the patients was 48 (38-60) years old. Five patients had ruptured anterior communicating artery (ACoA) aneurysms. Four patients were treated with coil embolization, and three with microsurgical clipping. Angiographic vasospasm was classified as severe in 5 cases. Compromise of bilateral circulation was detected in six patients. Distal circulation vasospasm occurred in five cases. Slow circulatory transit times were observed in three patients. Conclusion Angiographic findings such as bilateral circulatory compromise and distal vasospasm were frequent alterations. Further studies are required to establish the association of these findings with the clinical outcomes.
Introduction
Delayed cerebral ischemia (DCI) is an important cause of neurological morbidity in aneurysmal subarachnoid hemorrhage (SAH). The role of angiographic vasospasm (AV) and its contribution to brain injury in this group of patients is controversial.
Angiographic vasospasm is commonly reported in up to 70% of SAH cases, and it is known that only 50% develop neurological deterioration.
1 Clinical presentation of DCI is heterogeneous, in terms of timing of presentation, clinical manifestations, location of spasms in the vasculature, 2 severity of vessel stenosis, 3 and response to treatment. Severe AV is associated with severe ischemia and infarction, but hypoperfusion is also reported in areas without macrovascular vasospasm on computed tomography (CT) perfusion studies.
4,5
Spreading cortical ischemia, microthrombosis, microcirculatory constriction, and genetic polymorphisms 6 are other mechanisms that could explain why patients without significant angiographic vasospasm develop cerebral infarction.
7,8
Which one of these factors is related to a higher risk of stroke is currently not well understood. The study of angiographic findings from patients with refractory delayed cerebral ischemia might lead to insights into the relationship between AV and brain ischemic injury We report a series of 7 patients with severe DCI and AV, refractory to full medical and endovascular therapy, that ultimately led to brain death. Our objective is to describe the angiographic alterations in this group of patients with severe DCI.
Methods
This is a retrospective study of patients with aneurysmal SAH, treated with microsurgery or endovascular therapy, during a 3-year period (2014) (2015) (2016) 
Results
During the study period, a total of 336 patients with SAH were treated at our institution. Seven patients developed refractory DCI (2%). The median age of the patients was 48 (38-60) years old. There were five female and two male patients. The characteristics of the patients are resumed in ►Table 1. All of the Resultados A partir de uma coorte de 336 pacientes, 7 (2%) desenvolveram ICT refratária. A mediana de idade foi de 48 (38-60) anos. Cinco pacientes tiveram ruptura de aneurisma da artéria comunicante anterior (ACoA). Quatro pacientes foram tratados com coiling e três com clipagem. O VA foi classificado como grave em cinco casos. Detectou-se acometimento da circulação bilateral em seis pacientes. A circulação distal do vasoespasmo aconteceu em cinco casos. Observou-se tempo de trânsito circulatório lento em três pacientes. Conclusão Os achados angiográficos, como o acometimento circulatório bilateral e o vasoespasmo distal, foram alterações frequentes. Estudos adicionais serão necessários para confirmar as associações entre os achados angiográficos e os resultados clínicos.
Arquivos Brasileiros de Neurocirurgia patients had anterior circulation aneurysms; five were ruptured anterior communicating artery (ACoA) aneurysms (see ►Figs. 1, 2, 3, 4 for clinical examples), and 2 were ruptured paraclinoid aneurysms. Four patients were treated with endovascular coiling, and three with surgical clipping.
Two patients had aneurysm rebleeding prior to exclusion. The median time to aneurysm treatment was 1 day (range: 0-8 days). Two patients developed hydrocephalus, requiring external ventricular drainage.
The most frequent clinical manifestation of DCI was consciousness impairment (six patients). Only one patient presented with a new focal neurological deficit (aphasia and hemiparesis).
All patients were treated with endovascular angioplasty. Median time from aneurysm bleeding to angioplasty was 8 days (range: 4-8 days). Median number of angioplasties per patient was 1 (range: 1-2). Three patients were treated with mixed balloon and pharmacological angioplasty, and four with pharmacological angioplasty only. Improvement of vessel stenosis was reported on all of the procedures (►Figs. 2 and 3).
Angiographic findings are resumed on ►Table 2. DSA revealed early vasospasm (occurring in the 1st 72 hours after bleeding) in 2 patients. Angiographic vasospasm was reported in all patients, and vessel stenosis was classified as follows: severe (> 67% stenosis) vasospasm in 5 patients, moderate (34-66%) in 1 patient, and mild (< 33%) in 1 patient. Compromise of bilateral anterior circulation was detected in six patients. One patient with a left paraclinoid aneurysm presented with focal angiographic vasospasm of the left anterior circulation (anterior cerebral and middle cerebral artery). Posterior circulation (vertebrobasilar) compromise was reported in one patient (►Fig. 4). Distal vasospasm of cortical branches was reported in five patients. Slow circulatory times were observed in three patients.
Case 1
►Fig. 1A: A 43-year-old female presented with thunderclap headache. WFNS scale was graded as 3. A CT of the brain revealed a diffuse SAH (modified Fisher scale IV) and hydrocephalus. An EVD was installed.
►Fig. 1B: DSA confirmed a ruptured ACoA aneurysm, bilateral unruptured middle cerebral artery (MCA) aneurysms, and moderate left A1 vasospasm. Endovascular coil embolization was performed the day after the bleeding.
►Fig. 1C: At 9 days postprocedure, the patient developed consciousness impairment. DSA reported severe anterior circulation and moderate posterior circulation vasospasm. Endovascular treatment was indicated with bilateral internal carotid artery (ICA) and proximal MCA balloon angioplasty.
►Fig. 1D: After initial improvement, the patient deteriorated with multiple ischemic infarcts. Refractory intracranial hypertension developed and in spite of intensive care treatment. Brain death was established 11 days after the rupture of the aneurysm. A CT scan revealed a diffuse ischemic injury.
Case 2
►Fig. 2A: A 48-year-old male was evaluated at our institution for thunderclap headache. Subarachnoid hemorrhage was observed on CT. DSA revealed an ACoA aneurysm that was treated with surgical clipping.
►Fig. 2B: DSA right ICA artery injection reveals normal vessel caliber at admission.
►Fig. 2C: Seven days after the rupture of the aneurysm, the patient developed aphasia and hemiparesis. DSA revealed severe vasospasm of the ICA, of the A1 and of the M1, and moderate MCA distal vasospasm. The rest of the study confirmed bilateral compromise with slow transit times.
►Fig. 2D: Postangioplasty DSA. Bilateral ICA and M1 balloon angioplasty with intra-arterial nimodipine instillation was performed with marked improvement of vessel stenosis.
Case 3
►Fig. 3A: A 43-year-old male with a history of renal failure presented with WFNS 4, modified Fisher IV SAH, a left frontobasal intraparenchymal hematoma, and hydrocephalus. An EVD was installed. ►Fig. 3D: Balloon and pharmacological angioplasty were performed 8 days after the initial bleeding. Additionally, two pharmacological angioplasties were indicated for persistent vasospasm. The patient deteriorated and multiple infarcts were observed on CT, with signs of intracranial hypertension. An ICP monitor was installed, and therapeutic hypothermia was started. The patient had an unfavorable evolution and brain death was established 12 days after the rupture of the aneurysm.
Case 4
►Fig. 4A: A 49-year-old male with a history of alcohol abuse was found by relatives with consciousness impairment. Initial laboratory tests informed acute renal failure. A CT of the brain revealed a modified Fisher IV SAH with an associated frontal interhemispheric hematoma.
►Fig. 4A 4B, 4C: When the renal compromise improved, a DSA was performed, revealing a ruptured ACoA aneurysm with severe anterior and posterior circulation vasospasm. Coil embolization and pharmacological angioplasty were performed. Serial CT imaging revealed hypodensities in multiple arterial territories. Brain death was confirmed 10 days after the initial bleeding. 
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Discussion
It is known that AV occurs in up to 70% of the patients with SAH, and that only 30% of these patients develop DCI that is related to a poor neurological outcome. 9 The relationship between AV and cerebral infarction is not well-established.
18
Infarction may develop in territories without significant AV, most likely in watershed areas. 19 Severe AV, on the other side, is a well-known predictor of cerebral infarction, 20 and is correlated with perfusion deficits on CT perfusion studies.
In our series, 7 (2%) out of 336 patients developed this catastrophic complication of SAH. Digital subtraction angiography exams revealed severe vasospasm in five out of seven patients; two were classified as moderate and mild. As such, intracranial vasospasm must be understood as a dynamic event, and even patients with mild or moderate vessel stenosis reported on the initial DSA may develop DCI with a refractory evolution. Bilateral compromise of the anterior circulation was observed in six patients, indicating a diffuse macrovascular compromise. Distal circulation compromise and slow transit times were frequent findings. A hypothesis could be that these angiographic findings may be red flags of circulatory hemodynamic failure, but we cannot prove this with the design of our study. It is not the goal of the present study to establish causality between this angiographic phenomena and DCI. We can say, however, that the angiographic findings in our cohort of patients with refractory DCI were dynamic, and not restricted only to vessel stenosis. Ultraearly AV, for example, has been associated with refractory DCI in other studies.
21-23 A common misconception is to Arquivos Brasileiros de Neurocirurgia confuse "mild vasospasm severity" in the angiography report as a predictor of "mild" evolution with no risk of brain injury.
Anterior communicating artery aneurysms were the most frequent in our cohort of patients; most of them (80%) were treated with coil embolization. Injury to hypothalamic structures after bleeding or/and ischemic injury may be a factor associated with a refractory evolution. Microsurgical blood clot removal 12 in this region may be beneficial in order to avoid irritation of hypothalamic perforators, but further studies are needed to confirm this hypothesis.
The relationship between the location of the aneurysm and DCI was studied by Abla et al. 24 The authors found that ruptured pericallosal aneurysms were associated with a low clot burden, but with a higher risk of DCI in comparison with other locations. The most frequent clinical manifestation of DCI was consciousness impairment, a finding that is common in SAH patients in the intensive care unit (ICU), which may also be explained by other medical factors (fever, infections, metabolic disturbances, among others).
Endovascular therapy for symptomatic DCI was indicated for all patients, usually on the most critical period (between the 4 th and 8 th days). Intra-arterial vasodilator therapy and balloon angioplasty are treatment modalities well-described in the literature, 25-27 but angiographic improvement is not always associated with clinical improvement, with up to 69% of reported postprocedural ischemia. 28 Other mechanisms Arquivos Brasileiros de Neurocirurgia for ischemia are described in this subgroup of patients, such as spreading cortical ischemia, microcirculatory constriction, and microthrombosis.
1 Angiographic improvement after angioplasty must not be considered an endpoint to decide the withdrawal of hemodynamic intensive care therapy, as improvement of intracranial vessel stenosis was reported in all of our patients after the procedure.
No patient in our series was treated with decompressive craniectomy (DC). Tuzgen et al reported a series of 6 patients(4 MCA and 2 ACoA) with malignant vasospasm and proven intracranial hypertension treated with DC, reporting a favorable neurological outcome in < 50% of the patients (modified Rankin scale 3).
29 DC was not indicated because severe ischemic injury made the surgery futile to the attending multidisciplinary team. One patient in our series was treated with therapeutic hypothermia, which produced favorable control of the ICP, but could not prevent cerebral infarction. 
35
Limitations of the present study are its small sample size and its retrospective design. In the literature, several series describe outcomes of patients with DCI, but our study is, to our knowledge, the first detailed angiographic description of patients with refractory DCI, reporting other findings besides severe AV, as potential angiographic predictors for further studies. 
Conclusion
Common angiographic findings in refractory DCI were severe vessel stenosis, slow circulatory times, distal cortical stenosis, and bilateral circulatory compromise. More studies are needed to establish an association between individual angiographic findings and clinical outcome in SAH patients.
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